ABSTRACT WILLIAMS, P. P. (U.S. Department of Agriculture, Beltsville, iId.), J. D. ROBBINS, J. GUTIERREZ, AND R. E. DAVIS. Rumen bacterial and protozoal responses to insecticide substrates. Appl. Mlicrobiol. 11:517-522. 1963.-Insecticides containing organophosphate, chlorinated hydrocarbon, and carbamate were tested with bovine ruminal ingesta fractions. Rumen bacteria exposed to insecticide levels of 0 to 500 ppm in rumen fluid for 4 hr were inoculated into rumen fluid-starch feed extract medium. No apparent significanit bacterial couInt inhibitions were noted. Also, when insecticides were used as carbon sources at concentrations of 500 ppm in carbohydrate-limited media, no increases in bacterial counts were indicated. Warburg manometric data showed that paraffin oil-Triton X-155 preparations of dimethoate, Diazinon, lindane, Thiodan and Sevin stimulated gas production in holotrich protozoa. Entodiniumn simplex, an oligotrich, produced less gas with insecticide substrates per unit of dry weight thani did an Isotricha sp. Rumen bacteria and plant debris fractions from ruminal ingesta provided with insecticides did not give increased manometric responses over the endogenous control vessels. Washed suspensions of I. intestinalis produced volatile fatty acids in excess of the endogenous suspensions when provided insecticide substrates. Thiodan dissimilation by I. intestinalis was followed colorimetrically with 15 % loss in substrate in 1 hr of incubation at 39 C. l\Iounter, Baxter, and Chanutin, 1955) and oxidizing (Ahmed and Casida, 1958) certain organophosphate esters. Teater, Mortensen, and Pratt (1958) demonstrated that 2, 4-D-isopropyl-N-(3-chlorophenyl) carbamate and a-chloro-N,N-diethyldithiocarbamate had a "stimulative" effect on carbon dioxide evolutioni with soil microorganisms.
Metabolism of insecticides, particularly organophosphorus insecticides, has been extensively studied in insects, mammals, and plants. However, little information is available on microorganisms, particularly rumen microorganisms, capable of dissimilating insecticides or showing a sensitivity response to a given insecticide. Angelotti et al. (1954) attempted to find nonrumen bacteria, yeasts, and protozoa sensitive to nabam, 1, 1, 1-trichloro-2, 2-bis(pchlorophenyl)-ethane, benzene hexachloride, lindane, or parathion for detecting fungicide and insecticide residues. Included in the protozoa were species of Paramnecium, Blepharisma, Spirostomum, Euglena, and Tetrahyinena.
In general, the results were negative. However, Mlicrococcus pyogenes var. epidermiiiidis, showed a graded growth inhibition to nabam. P. mnultiinicronucleatumn showed abnormal swimming responses to parathion in concentrations as low as 1 ppm. Harris (1955) reviewed the use of microorganisms as analytical tools. Johnston (1957) reported that lindane residues in cucumber fermentation inhibited yeast growth response in the microflora, and reduced the competition for essential nutrients for the fastidious lactic acid-producing bacteria. Other workers have shown that microorganisms are active in hydrolyzing l\Iounter, Baxter, and Chanutin, 1955) and oxidizing certain organophosphate esters. Teater, Mortensen, and Pratt (1958) demonstrated that 2, 4-D-isopropyl-N-(3-chlorophenyl) carbamate and a-chloro-N,N-diethyldithiocarbamate had a "stimulative" effect on carbon dioxide evolutioni with soil microorganisms.
Insecticides ingested by ruminants by means of residues on forage crops or as dermal or inhalation exposure from spray drifts are exposed to potential metabolic attack by rumen microorganisms. Cook (1957) found bovine rumen fluid active in metabolizing phosphate insecticides in vitro. Parathion was reduced to aminoparathion by bovine rumen fluid. Dauterman et al. (1959) treated rats and cattle with radioactive dimethoate and analyzed blood, tissue, milk, and exereta. The insecticide was rapidly metabolized and excreted. Plapp and Casida (1958) incubated an organophosphate, Trolene, with bovine rumen fluid and showed hydrolysis at the phosphorus-oxygenmethyl group to yield phenyl phosphoric acids. Some dimethyl phosphothioic acid was found, indicating the possible occurrence of oxidative metabolism as well as hydrolysis. Ahmed, Casida, and Nichols (1958) demonstrated that bovine rumen fluid hydrolyzed many organophosphate insecticides, particularly parathion. Oxidation reactions in the rumen fluid were of little importance, and reduction reactions were of great significance in metabolizing these compounds. O'Brien, Dauterman, and Niedermeier (1961) suggested that rumen microorganisms dissimilate malathion by phosphatase action to dimethyl phosphate and 0, 0-dimethyl phosphorothioate. Gaseous products, carbon disulfide, dimethylamine, and probably hydrogen sulfide are liberated from tetramethylthiuram disulfide (TTMTD) by rumen microorganisms (Robbins and Kastelic, 1961) .
This investigation concerns the significance of washedcell suspensions of rumeni microorganisms in their responses to organophosphate-, chlorinated hydrocarbon-, and carbamate-containing insecticides.
MATERIALS AND 1IETHODS
Suspensions of Isotr-icha intestinalis and Erntodinumii simiiplex were obtained from the ruminal ingesta of 10-month-old calves reared in isolation, and previously inoculated with single species of protozoa. The calves' diet consisted of two-thirds alfalfa hay pellets and one-third mixture of barley pellets containing 61 %G barley, 16 % soybean, 22 % alfalfa, and 1c% NaCl. The sedimentation methods for preparation of washed suspensions of I. intestinalis and E. simplex have been described (Gutierrez, 1958; Williams et al., 1961; Williams, Gutierrez, and Davis, 1963) . Rumen bacterial suspensions from a calf faunated with I. intestinalis and E. simplex were prepared as previously described (Williams et al., 1963) . Anaerobic mineral buffer (AMB) solution used in the following experiments contained (w/v): 0.1 %c NaHCO3, 0.6 % NaCl, 0.01 % CaCl2, 0.01 % MgSO4, 0.1 %C KH2PO4, and distilled water under 5 % CO2 to 95%NO2 at 39 C and pH 7.0.
Rumen fluid from a calf faunated with I. intestinalis and E. simplex was strained through cheesecloth, and dispensed in 14.7-ml samples into rubber-stoppered test tubes with 0.3 ml of paraffin oil-Triton X-155 (9: 1; Rohm & Haas Co., Plhiladelphia, Pa.) containing insecticide.
These insecticides were incubated in the medium at final concentrations of 0, 0.5, 5.0, 50.0, and 500 ppm for 4 hr at 39 C, with frequent mixing under 100 % CO2. The insecticides tested were: lindane, the gamma isomer of 1,2,3,4,5, 6-hexachlorocyclohexane; Thiodan, 6, 7, 8, 9, 10, 10 -hexachloro -1, 5, 5ac6, , 9a -hexahydro -6, 9 -methano -2,4,3 -benzodioxathiepin-3-oxide; Sevin, 1-naphthyl-
After an incubation period, samples of the mixtures were used as inocula in rumen fluid-starch feed extract (RSFE) medium (Gutierrez, 1958) . The anaerobic bacterial culturing technique employed has been previously described (Hungate, 1950) and distilled water to 93 ml. The medium was heated to boiling under 100 W. CO2, rubber-stoppered, and autoclaved at 15 psi at 121 C for 12 min. A 6.66-ml amount of 6 % Na2COI was added before dispensing 4.1-ml samples of the medium into anaerobic test tubes flushed with 100 % CO2. A 0.2-ml amount of insecticide substrate preparation was added per tube. The tubes were then autoclaved for 5 min, cooled to 45 C, and inoculated with 0.5 ml of fresh rumen fluid diluted through CRFT medium, in duplicate from 10-1 to 10-8. A 0.2-ml amount of 3 %O cysteine-HCI was added to each inoculated tube. The tubes were rubberstoppered, rolled under running tap water until solidified, and incubated at 39 C. The insecticides were prepared in paraffin oil-Triton X-155 (9:1). Substrates tested were lindane, Thiodan, Sevin, Guthion, Diazinon, and dimethoate, at concentrationis of 500 ppm.
M\anometric experiments were conducted with the coniventional Warburg apparatus, and gas production was measured by comparison with endogenous vessels without added substrate but with the addition of paraffin oilTriton X-155 (9:1). mg of dimethoate, dispersed in paraffin oil-Triton X-155 (9:1), were incubated with the bacterial suspensions in parallel with endogenous controls devoid of dimethoate. I. intestinalis (approximately 72 mg dry weight) suspensions were incubated with 150-mg samples each of Thiodan, Sevin, Diazinon, dimethoate, and lindane in 20.0-ml portions of AMB solution. The microorganisms were incubated for 2 hr at 39 C, and the quantities of volatile fatty acids produced were determined after the samples were acidified with 3 N H2SO4, steam distilled, titrated with 0.077 N NaOH, and calculated for milliequivalents of acid. plus 0.3 ml of Triton X-155 were dissolved in 100 ml of acetone and evaporated to dryness with an electrical-driven rotating round-bottom flask under vacuum at 50 C. The Thiodan was redissolved in 200 ml of previously bubbled (5 % CO2-95 %/0 N2) AMB solution. The solution was filtered through Schleicher and Schuell sharkskin-grade filter paper and tested for Thiodan solubility. Suspensions (1 ml) of I. intestinalis (70 mg dry weight) and AMB solution were dispensed in 2.0 ml of the Thiodan preparations and 2.0 ml of AMIB solutions. Adequate controls were incubated in parallel with the experimental tubes. The tubes were incubated at 39 C at the given times shown in Table 5 . The Thiodan extraction procedure was as follows. Each sample at a given time was filtered through Schleicher and Schuell filter paper under vacuum. A 3-ml amount of the filtrate was dispensed in 20 ml of distilled water in 125-ml separatory funnels and extracted twice with 30.0 ml of n-pentane. The Thiodan content of the filtrate extracts was determined by the colorimetric procedure of Butler, Maitlen, and Fahey (1962) . This procedure was used in other experiments, except the entire suspension of I. intestinalis-ThiodanAlVIB solution was extracted in duplicate by transferring to a 125-ml separatory funnel with four 5-ml washings of each tube with n-pentane at incubation time intervals of 0, 60, and 120 min.
RESULTS
Rumen bacteria incubated with insecticide concentrations of 0, 0.5, 5.0, 50.0, and 500 ppm in rumen fluid for 4 hr at 39 C were inoculated into RSFE medium containing no insecticides. Results at the 500-ppm level were compared with the control counlt of 92.0 X 107 bacteria per ml (Table 1) . Mlean viable bacterial counts after 72 hr of incubationi indicated no apparent marked inhibitions or stimulations of growth at any of the insecticide substrate levels. Fresh rumen fluid inoculated directly into CRFT medium containing insecticides or glucose at 500 ppm was incubated anaerobically for 72 hr at 39 C. Mean viable bacterial counts were compared with appropriate controls (Table 1) . Owing to the presence of 10'% (v/v) clarified rumen fluid, the medium was not completely deficient in carbohydrate as indicated by the mean control count of 16.0 X 106 bacteria per ml. However, when glucose at 500 ppm was added to the medium, viable counts were increased to 11.9 X 108 bacteria per ml after 72 hr of incubation at 39 C. The insecticides at 500 ppm in CRFT medium ranged in counts from 9.0 X 106 to 46.0 X 106 bacteria per ml, and indicated no marked inhibitions or stimulations when compared with the controls.
MWanometric responses to insecticides by rumen bacteria and ciliates are shown in Table 2 . Mixed rumen bacterial suspensions did niot respond to addition of insecticides with increased gas production over the endogenous controls. Also, washed plant debris showed no positive responses to incubated samples of insecticides. Responses, however, were observed with I. intestinalis and all the insecticides tested with the exception of Guthion. Further preliminary results with I. pr ostomna suspensions contaminated with 2 % or less of I. intestinalis showed similar results to those of I. intestinalis. E. sim?iplex did not respond with increased gas production with dimethoate, lindane, and Thiodan. However, Diazinon substrate did increase, to some extent, gas production with E. simplex over the endogenous controls after 50 min of incubation. Both holotrich and oligotrich suspensions were always active and showed no Table 3 . It appears that the levels of insecticides evaluated did not suppress volatile fatty acid production, and that in the case of I. intestinalis volatile fatty acid production was, to some extent, stimulated.
The results of two experiments with E. simplex and I. intestinalis with Diazinon-C14 are shown in Table 4 . Diazinon-C'4 uptake occurred rapidly with both E. simplex and I. intestinalis. After 60 min of incubation, increases in counts over the 0 time were 330 counts per 5 min per 100 ,uliters for E. simplex and 541 counts per 5 min per 100
,lAiters for I. intestinalis.
Thiodan colorimetric experiments with I. intestinalis indicated that Thiodan uptake by the protozoan occurs with initial contact, as well as with further incubation time intervals. Initial Thiodan uptake indicated a removal of 32 to 45 % of the insecticide from the protozoan-free filtrates immediately upon mixing the Thiodan-protozoan salt solution components. Therefore, further experiments subtracted the initial (0 min) per cent removal of Thiodan from solution from additional incubation periods. One experiment with I. intestinalis (70 mg dry wieght) in 5.0 ml of Thiodan-AMB solution yielded the results shown in Table 5 . I. intestinalis removed 14 ,ug of Thiodan per ml from the surrounding medium within 180 min. Extraction of the entire 5.0-ml protozoan Thiodan salt solution mixture with n-pentane in other experiments showed that 15 % of the Thiodan had been metabolized in 1 to 2 hr. DIscUSSION Cook (1957) recognized the significance of fractionating rumen fluid for analysis of pesticide-dissimilating enzyme sources. The rumen fluid was divided into (i) a gaseous bouyed plant-protozoa layer, (ii) an intermediate bacterial layer, and (iii) a protozoal sedimentary layer. From these crude fractions, in vitro organophosphate pesticide dissimilation studies were performed. Most of the parathion (Gutierrez, 1955 in which the yeast Torulopsis utilis showed an initial uptake of an organophosphate (Thimet) which could not be recovered by chloroform extraction immediately after addition. In certain cases, the absorbed materials were later released from the living and dead cells in the culture. Both I. intestinalis and E. siniplex were stimulated by Diazinon to produce gases as measured manometrically. The ciliates showed Diazinon-C14 uptake initially and little uptake thereafter. This might be because the Diazinon-C14 preparation was not in the paraffin oil-Triton emulsion state. The ciliates may require an emulsified droplet preparation for gullet ingestion. Fatty acid emulsions have been reported to stimulate CO2 and H2 production with rumen ciliates, and are altered in the cellular matrix (Gutierrez et al., 1962; Williams et al., 1963) .
The metabolism of insecticides by bovine rumen fluid may have a significant influence on their toxicity to cattle, nature of the excreted metabolities, and residues in tissues and milk. This would depend on their rate of degradation in the rumen compared with their rate of absorption from the digestive tract . Ruminants as compared to monogastric animals possess an apparent immunity to TMTD-treated corn. It appears that the degradative effect of the rumen microorganisms allow the ruminant to tolerate considerable amounts of TMTDtreated corn without toxic effects (Robbins and Kastelic, 1961) . Two steers fed diets containing Thiodan at levels of 75 ppm excreted 6.1 %o of the total daily Thiodan intakes in urine and feces. Omental fat residues were 1 ppm or less. This study indicated that Thiodan is probably metabolized by ruminants (Robbins, unpublished data) . Carbonyl-C14-Sevin administered orally to a lactating goat resulted in carbamate metabolites present in the milk and urine (Dorough, Leeling, and Casida, 1963) . Ukeles (1962) demonstrated that Monochrysis lutheri Droop and Phaeodactylum tr-icornatum Bohlin growth responses were suppressed with Sevin at 1 ppm and with lindane at 7.5 ppm. Other phytoplankton species showed greater resistance to a variety of toxicants. Protozoans were demonstrated to be valuable toxicant assay tools because of their rapid growth and ease of handling under controlled conditions.
Variation in species of rumen ciliates possessing the ability to dissimilate insecticides may be significant in determining the presence or absence of residue in tissues and milk, and the tolerance to a particular pesticide. Differences in populations of rumen ciliates may explain why Cook (1957) had variations in dissimilation of malathion and EPN with rumen fluid from different diets. Rumen ciliates faunated as individual species in isolated steers provide a means for in vivo pesticide physiological studies for insecticide tolerances and determination of residues under faunated or defaunated conditions as well as a source of large quantities of anaerobic protozoa for shortterm in vitro experiments. These microorganisms are suitable for bioassays of insecticides because of their ability to tolerate large quantities of a variety of different insecticides in short incubation periods, and because of their ease of procurement and handling.
